Abstract. At present, there are two scenarios for the formation of massive stars: 1) The accretion scenario and 2) The coalescence scenario, which implies the merging of intermediate mass stars. We examine here some properties of the first one. Radio and IR observations by Churchwell (1999) and Henning et al. (2000) of mass outflows around massive Pre-Main Sequence (PMS) stars show an increase by several orders of magnitudes of the outflow rates with stellar luminosities, and thus with stellar masses. As typically, a fraction of 1 3 to 1 6 of the infalling material is estimated to be accreted, this suggests that the accretion rate is also quickly increasing with the stellar mass.
Introduction
The formation of massive stars is still a very uncertain domain of stellar astrophysics. Schematically, there are at present two very different scenarios. 1) The coalescence scenario proposed by Bonnell et al. (1998) and Stahler et al. (2000) . The formation of massive stars (M ≥ 10M ⊙ ) is assumed to occur by coalescence of stars of intermediate masses, which form through accretion onto initially lower mass protostars. The basic reason for the development of this formation scenario was the difficulty of accreting mass onto very luminous stars. 2) The accretion scenario was initially proposed by Stahler et al. (1980a Stahler et al. ( , 1980b Stahler et al. ( , 1981 and was further developed for low and intermediate mass stars (see for example Palla and Stahler, 1993) . It was then investigated as a formation mechanism for massive stars by Beech and Mitalas (1994) , Bernasconi and Maeder (1996) . In this scenario, the massive stars no longer cross horizontally the HR diagram, coming from the red to the blue, on the Kelvin-Helmholtz timescale, but rise upwards in the HR diagram along the so-called birthline. The birthline is defined as the path in the HR diagram followed by a continuously accreting star. For low and intermediate mass stars, the birthline forms an upper envelope of individual evolutionary tracks in the HR diagram. The location of the birthline and the timescales on it strongly depend on the accretion ratesṀ accr (Bernasconi and Maeder, 1996; Tout et al. 1999) . Thus, in this scenario it is very important to know how the accretion rate varies with the mass already accreted onto the star.
Both scenarios have their own advantages and difficulties. They both influence the upper limit of stellar masses, but the physical mechanism determining this limit is of course different for each of the two above scenarios. In this paper we shall examine some properties of the accretion scenario, in order to provide further arguments in the debate. ByṀ accr , it is usually meant the accretion rate onto the central body, and this is our adopted viewpoint throughout this whole paper. In further more complete models, we will distinguish between the accretion from the molecular cloud to the disk and the accretion from the disk to the central protostar.
In Section 2, we examine some recent results on mass accretion and outflows in ultra-compact HII (UC HII) regions. In Section 3, we compare to the observations of pre-main sequence (PMS) stars some standard birthlines, i.e. with constant or slowly variableṀ accr . In Section 4, we calculate new birthlines with quickly increasing accretion rates. In Section 5, we briefly give our conclusions, and in particular we discuss the issue of the maximum stellar mass in the accretion paradigm.
The accretion scenario for massive stars
The accretion scenario, despite its successes (Palla and Stahler, 1993) , has been considered to be impossible for massive stars, due to their high luminosities, which are able to reverse the collapse (Bonnell et al. 1998; Stahler et al. 2000) . In this case, the radiation pressure on the dust is high enough, so that its momentum can be transferred to the gas (Wolfire and Cassinelli, 1987) . In the accretion scenario, the accretion rateṀ accr is an essential parameter, since it determines the momentum of the infalling material.
In their discussion on the study of the difficulties to form massive stars with the accretion scenario, Stahler et al. (2000) assume that the accretion rate behaves likė
where c s is the sound speed in the molecular cloud. They stress that a remarkable property of this rate is that it is independent of the density of the parent cloud. The value of c s , of course, depends very much on the temperature of the cloud. Stahler et al. (2000) assume that the precollapse temperature is independent of the core density and mass, and also suggest that this does not change too much, if the infalling material goes via a disk instead of landing directly on the stellar surface. With the assumption that clouds where massive stars form have the same typical temperature T = 10-20 K as those where low mass stars form, Stahler et al. (2000) get accretion rates of 10
to 10 −6 M ⊙ yr −1 . It is with this kind of assumptions that the constant accretion rates models by Beech and Mitalas (1994) , and those with slowly varying accretion rates by Bernasconi and Maeder(1996) have been constructed. The birthline of these models joins the zero-age sequence when the heat released by the nuclear reactions stops the stellar contraction. This occurs typically around 8 to 10 M ⊙ .
For massive stars with accretion rates of the order of 10 −5 M ⊙ yr −1 , it is true that the momentum of the infalling material is much smaller than the outwards radiation momentum of the star, which is thus able to reverse the accretion process. Therefore such low mass accretion rates are impossible for massive stars. This is by the way also confirmed by the existence, around these massive stars, of stellar winds of similar magnitudes but blowing in the opposite direction. Moreover, we note that for Comparison between birthlines calculated with constant accretion rates and those calculated with expression 3. applied to the models by Bernasconi and Maeder (1996) . The models are given for F = 0.1, 1.0 and 10.0 and they correspond to aboutṀ cst = 10 −6 , 10 −5 and 10 −4 M ⊙ yr −1 . The dot-broken lines are the PMS tracks for constant mass with the indicated value (Bernasconi and Maeder, 1996) . The tracks with broken lines in the upper part are post-Main Sequence (post-MS) tracks for massive stars of 15 to 85 M ⊙ by Schaller et al. (1992) . this kind ofṀ accr the formation lifetimes would be longer than the main sequence lifetime! The dynamics of the infalling material on protostars has been studied in detail by Wolfire and Cassinelli (1987) . They found that the abundance of dust as well as the size of the grains should be reduced to allow infall. They examined the permitted regions in a plane logṀ accr vs. log M , where M is the mass of the newly formed star. E.g. for a star of 40 M ⊙ , the allowed region lies betweenṀ accr ≃ 10 −4 and 10 −2 M ⊙ yr −1 . For lowerṀ accr , the accretion is halted by the radiation field, while for higherṀ accr the total luminosity (the protostellar luminosity and the accretion induced shock luminosity) exceeds the Eddington luminosity.
There should be some relation between the accretion rates from collapsing clouds and their temperature T (Wolfire and Cassinelli (1987) ). However, this is true only if the thermal support is the only source of support in the clouds. In this case, which is likely not realistic, the temperature of the collapsing clouds leading to massive stars should be as high as T ≥ 200 K and maybe up to 10 3 K. This results from the expressions of the Jeans mass and the free fall timescale, which imply that the average 0.15, 0.2, 0.3, 0.5, 0.75, 1.0, 1.25, 1.75, 2.5, 3.5, 5 .0. In general, the luminosity increases with F for a fixed value of the effective temperature. Pre-main sequence evolution tracks with constant mass are in dot-broken lines (Bernasconi and Maeder, 1996) and the post-main sequence tracks from Schaller et al. (1992) are in short dashed lines. The labels correspond to the mass along each track. Observations are issued from: 1. compilation done by Bernasconi and Maeder (1996) ; 2. Hillenbrand et al. (1992) ; 3. Damiani et al. (1994); 4. Cohen and Kuhi (1979) ; 5. van den Ancker et al. (1997a); 6. Berrilli et al. (1992); 7. de Winter et al. (1997); 8. Thé et al. (1990) ; 9. van den Ancker et al. (1998) ; 10. van den Ancker et al. (1997b) . For those stars with an error estimate on the luminosity and/or the effective temperature, the error bars are plotted. Moreover if several measures exist for a same star, we give the average value and indicate the existing dispersion on it. The value ofṀ accr is given by the size of the symbol, and an open symbol signifies that several groups have measured L and T eff for this star.
inflow rate and the temperature of the collapsing cloud are increasing simultaneously.
There is a variety of results on the temperature of UC HII regions (Churchwell 1999 and Henning et al. 2000) . From their infrared emission, Churchwell finds, around them, a sizeable (∼ 10 16 cm) dust evacuated cavity and he estimates that the temperature at the inner face of the dust shell is typically 300 K. In the extreme case of W3, a massive star forming region, there is even a hard X-ray emission, implying T up to 7 10 7 K in the wind-shocked cavity surrounding its central UC HII region (Hofner and Churchwell, 1997) . The above results are likely to concern environments that have been altered by the presence of existing massive stars. Indeed, for the first stars to be formed one need to consider the temperature of the cloud core just before star formation begins. In regions like Orion, the so-called massive dense cores, which presumably are the birthsites of massive stars, are not as hot as the UC (Bernasconi and Maeder 1996) .
HII regions studied by Churchwell (1999) and Henning et al. (2000) indicate them to be. The temperature is more likely to be well below 100K (Caselli & Myers 1995) . Thus, the temperature of the molecular cloud is not necessarily the only parameter responsible for the enhanced accretion rates necessary to form massive stars.
In massive star forming regions, like Orion, the velocity width of an observed line is dominated by non-thermal, supersonic motions (e.g. Caselli & Myers 1995) . Thus, there is a significant contribution of turbulent motions to the support of the clouds. In equation (1) for the accretion rate, the thermal sound speed should be replaced by the sum of a thermal and non-thermal contribution. Turbulence takes a long time to be dissipated and persists during a significant part of the formation process. Caselli & Myers (1995) find a higher density and pressure in massive cores leading to a fast mass infall. Thus, it may be that the turbulence and the higher density of the ambient gas favour higher accretion rates in massive star forming molecular clouds (we are indebted to Prof. F. Palla for this very important remark).
There are remarkable results concerning the presence of huge, likely bipolar, molecular outflows coming out of the regions of massive star formation. The luminosities of these regions are estimated from the radio free-free fluxes and/or from the integrated IR fluxes. The outflow rates come from the expansion velocities of the CO(1-0) line (Churchwell, 1999) . The outflow ratesṀ out behave continuously like L 0.7 bol over 6 decades of luminosity (Shepherd and Churchwell, 1996) . Around the solar luminosity, the values ofṀ out are about 10 −5 M ⊙ yr −1 , i.e. of the same order as the currently estimated accretion rates. However for massive stars with L from 10 4 to 10 6 L ⊙ , the outflow rateṡ M out are in the range of 10 −3 to 10 −2 M ⊙ yr −1 . There are several possible origins for these large outflows, however the review of the arguments by Churchwell (1999) favours the possibility that the massive outflows are driven by accretion, although it is not yet proved. From the large masses present in the outflows and the luminosity of the central object, he estimates that the fraction f of the infalling material incorporated into the star is about 15 %, while 85% are deflected in the outflows. Adopting a mass-luminosity relation of the form L ∼ M 3 , Churchwell (1999) suggests that the outflow rates behave likė M out ∼ M 2.1 . If we specifically consider, for example, the mass-luminosity relation from the models by Schaller et al. (1992) in the broad mass interval of 2 to 85 M ⊙ , we would geṫ
where f is the accreted fraction of the infalling material. Such results suggests that constant accretion rates of the order of 10 −5 M ⊙ yr −1 do not necessarily apply for all ranges of stellar masses and that much larger values oḟ M accr may have to be considered for larger masses. If this is true, several of the arguments against the accretion scenario for massive stars may not apply.
We also note that there is a class of theoretical models of cloud equilibria which do in fact predict a strong dependence of the mass accretion rate on protostellar mass. These are the so-called logatropic spheres studied by McLaughlin & Pudritz (1996 and Galli et al. (1999) , where internal pressure varies like the logarithm of the density. The equation of state departs from isothermal, and the sound speed increases with decreasing density. These models are useful to account for the line width density relation observed for molecular clouds. The accretion rate onto a protostar is not constant in logatropic models, but grows like t 3 , which implies thatṀ accr varies like M
Simple birthlines with constant or slowly varying accretion
In this Section, we briefly show for the purpose of comparison some new sets of birthlines obtained with constant and slowly varyingṀ accr . The initial quasi-static model with a mass M ini = 0.7 M ⊙ are fully convective (see Stahler et al. 1988; Bernasconi and Maeder, 1996) and are started before the deuterium-burning sequence, which is treated with a time dependent convection scheme. It is well known that the initial D-abundance and that of the accreting matter influence the PMS evolution; here the initial and cosmic D abundance is taken 5 · 10 −5 in mass fraction consistently with the results by Geiss (1993) . From many test models by Bernasconi and Maeder (1996) , it appears that the exact value chosen for the initial model has no significant influence for the PMS structure and on the evolution of intermediate and massive stars. Only the age is possibly influenced by this choice (see comments made about Tables 1, 2 and 3 below).
Constant values ofṀ accr
Our simplest accretion model considers a constant mass accretion rate. In a recent study of the Orion Nebula, Palla and Stahler (1999) have used constant valuesṀ accr equal to 10 −5 M ⊙ yr −1 . In Fig.1 , the birthlines corresponding tȯ M accr to 10 −6 , 10 −5 and 10 −4 M ⊙ yr −1 are shown. Higher accretion rates lead to birthlines with higher luminosities. For high accretion rates, a star gains more mass and thus luminosity during its PMS contraction and reaches the ZAMS at a higher luminosity. Deuterium is also continuously brought to the star and contributes to the stellar luminosity (cf. Bernasconi and Maeder, 1996) . Tout et al. (1999) have recently shown that the PMS tracks and age estimates of PMS stars are very much influenced by the accretion rates and this is indeed in agreement with the present results.
Slowly varyingṀ accr
The models by Bernasconi and Maeder (1996) did not use constant accretion rates, but the values ofṀ accr were slightly increasing with the already accreted mass, according to the prescriptions of a simple model of collapsing clouds. This model needs several input parameters such as the temperature T of the cloud (currently 30 K), the mean molecular weight µ (currently 2.4). The effect of turbulent pressure were accounted for according to the velocity dispersion vs. size of the clouds given by Larson (1981) . In Fig. 1 , a model with these prescriptions is also shown (model with F=1.0). We also show two other models with rates 10 times smaller and 10 times larger than the rateṡ M BM by Bernasconi and Maeder (1996) , according to the expressionṀ accr = FṀ BM (3) Fig. 1 indicates clearly the differences between the two sets of models. These differences are small, especially for the low accretion rates. The model with F=0.1 reaches the ZAMS at about 4.4 M ⊙ , the one with F=1.0 at 9.5 M ⊙ , and at 27.5 M ⊙ for F = 10.0. After having reached the ZAMS, the continuously accreting protostar carries on its evolution along the ZAMS.
On the upper main sequence, the tracks are also influenced by the accretion rates. For lowṀ accr , the time necessary to build up a massive star is so long that the star begins to burn a large fraction of its central hydrogen. Thus it has already moved away from the ZAMS, when it becomes visible at the end of its very long accretion phase. For high accretion rates, the time necessary to form a massive star is so short that a small amount of hydrogen is burnt and therefore the star becomes visible close to the ZAMS. Theses features are well shown in Fig. 1 .
In Fig. 2 , we compare 12 birthlines made with F values between 0.1 and 5.0 with recent observations of PMS stars in various clusters (the references are given in the figure caption). Indications are given for stars which have observed values of the accretion rates. Let us note with caution that there are considerable uncertainties in the derivations of luminosities and T eff , as shown by the error bars. The birthlines have to be seen as upper envelopes, since a fraction of the stars may already have ended their accretion phase and are moving towards the ZAMS along the canonical PMS tracks. We do not know whether one single birthline should apply to various star groups; however let us for simplicity adopt such a view.
From Fig.2 , we can make the following remarks. -1. A birthline with F between 1 and 5 fits best as an upper envelope, this corresponding toṀ accr in the range of 10 −5 and 10 −4 M ⊙ yr −1 . Thus, it is very likely that accretion rates higher than the currently used values of 10 −5 M ⊙ yr −1 are necessary, at least for the most luminous PMS stars. -2. The upper part of the tracks at the time the star becomes visible also depends on the previous accretion rates (Figs. 1 and 3 ). There is some support towards highṀ accr from the observations by Hanson et al. (1997) . They find some very massive PMS objects (M ≥ 60 M ⊙ ) close to the ZAMS and as seen above this also constrains the accretion rates. Thus these stars have to be formed in a time of the order of 10 6 yr at most. This implies an average accretion rate of about 10 −4 M ⊙ yr −1 . Thus, a most critical difficulty for all these birthlines with slowly increasingṀ accr is their too long lifetimes (cf. also Hanson et al. 1997 ). -3. The observations suggest that the birthline should join the ZAMS between about 9 and 15 M ⊙ . -4. The distribution of stars in the HR diagram do not tightly constrain the slope of the birthline. However, we note that the observed distribution of stars in Fig. 2 seems to suggest a slope, which may be steeper than the one predicted by Bernasconi and Maeder (1996) . Especially the birthline could be lower at lower luminosities. The various difficulties met with these accretion models as a formation mechanism of massive stars lead us to examine in the next Section models where the accretion rateṀ accr increases more rapidly with mass. Indeed this will give rise to birthlines with steeper slopes in the HR diagram and at the same time shorten the formation timescales.
Models with strongly increasing accretion rates
The results of the two previous Sections suggest that the accretion rates may increase relatively quickly with the stellar mass. To further test this hypothesis, we examine the consequences of a power law with exponent φ
We consider that the accretion rate is increasing with an exponent ϕ of the mass. Models with ϕ = 0.5, 1.0 and 1.5 are calculated. We provide in the Tables 1, 2 and 3 some important data for these models, assuming a reference mass loss rateṀ ref of 10 −5 M ⊙ yr −1 . We shall also test this value below. The models are started with an initial mass M ini = 0.7 M ⊙ and the zero of the age scales are placed at this time. Another possible choice (Bernasconi, 1996) would be to take as initial age
where <Ṁ accr > represents the average accretion rate since the start of the formation process. As a matter of fact, we do not strictly know the zero point in the age scale, and therefore any convention is slightly arbitrary. Fig. 3 shows 3 birthlines obtained with expression 4. We notice that the tracks by Bernasconi and Maeder (1996;  corresponding to F = 1.0) are rather close to those with ϕ = 0.5. For higher values of ϕ, we obtain, as expected, a much steeper slope of the birthlines. As shown in the Tables 1, 2 and 3, the models with a higher ϕ have much shorter formation times. In models of high ϕ the central H-content is still much higher, and the size of their convective cores are larger. Both points are consistent with the fact that the ages are shorter and the evolution much less advanced. For ϕ = 0.5, and even more for the constantṀ accr , the PMS lifetimes t PMS are longer than the Main Sequence (MS) lifetimes t MS for massive stars above about 20 M ⊙ . In this case, t MS = 8.1 10 6 yr, and t PMS = 7.3 10 6 yr. This is a very severe problem for slowly increasingṀ accr and a very important argument in favour of models with an accretion rate quickly increasing with stellar mass. For ϕ = 1.0, the equality of the two lifetimes t PMS and t MS is realized around a mass of about 45 M ⊙ ; however a large fraction of t PMS is still spent in the low mass regime.
For ϕ = 1.5, the situation with respect to the lifetimes is much more satisfactory, as t PMS is shorter than t MS up to at least 120 M ⊙ . Moreover, half of t PMS is spent below a mass of 2 M ⊙ , and the time for the star to evolve from 2 to 120 M ⊙ is about 10 6 yr, which is an accept- able value. Due to this we must stress that accretion rates strongly increasing with mass become a necessity in order to form stars on a timescale significantly smaller than the MS lifetime, so that they have not evolved too far from the ZAMS when they become visible. Also, a too long lifetime will allow a massive star to ionize a too large surrounding region, preventing any further accretion. In this respect, we emphasize that the models with ϕ ≃ 1.5 are much more favourable than the other ones studied here.
These calculations raise the question whether, at a given value of the stellar mass, the initial formation of a massive star occurs with the same accretion rate as for a star with a low final mass. This is what is assumed here. This looks reasonable, since according to Newton's Theorem the gravitational potential in a spherical configuration is determined by the matter within the considered radius. However, further studies may show the importance of environmental effects, such as the local density and temperature in a cluster, which are not taken into account in the present study.
In order to further examine the accretion rates and their dependence on ϕ andṀ ref in expr. 4, some other models have been calculated. −6 , 5 · 10 −6 and 10 −5 M ⊙ yr −1 respectively. Clearly the two upper curves give the best fit, and maybe the highest one is the best. From the envelope fits in the HR diagram, it is hard to say whether a value ϕ = 1.0 or 1.5 is best, however from the considerations on the lifetimes, the case with ϕ = 1.5 is clearly favoured. Therefore, our preferred choice of parameters for the model given by expr. 4 is an exponent ϕ ≃ 1.5 and a multiplying factorṀ ref ≃ 10 −5 M ⊙ yr −1 .
We notice that it is amazing how this slope and the multiplying factor are close to the results obtained by Churchwell (1999) and Henning et al. (2000) and in particular to the values given in expr. 2. Without saying that the physical behaviour of the accretion rates is determined by a law which is exactly of the form given by expr. 4, it is interesting that these two very different approaches give a rather similar dependence with respect to the stellar mass. Further theoretical and observational analyses are needed to give more insight into the dependence of the accretion rate on various possible parameters. 
Conclusions and remarks on the maximum stellar mass
The main result of this work is that the accretion rate of a forming protostar strongly depends on the protostar's mass. A birthline described by a power laẇ
withṀ ref ≃ 10 −5 and ϕ = 1.5 gives the best upper envelope for PMS stars in the HR diagram and, more importantly, it satisfies also the constraints coming from the formation lifetimes. The above law is also quite consistent with radio and IR studies of protostellar outflows (Churchwell, 1999; Henning et al., 2000) , which showṀ accr quickly increasing with the luminosity of the UC HII region.
It is interesting that the high values ofṀ accr suggested here well correspond to the permitted domain of accretion rates found by Wolfire and Cassinelli (1987) . The limits of this permitted domain are defined, on the low side of the values ofṀ accr , by the condition that the momentum in the accretion flow is larger than the outwards radiation momentum. On the high side, it is fixed by the condition that the shock luminosity due to the accretion process is smaller than the Eddington luminosity. In addition, Wolfire and Cassinelli (1987) also found, for the occurrence of inflows onto massive stars, that the dust abundance has to be reduced by at least a factor of 4 and that the larger graphite grains are absent from the dust distribution function. In the context of the star models presented here, which do not follow the properties of the surrounding interstellar matter, we do not know whether this additional condition is met.
If this accretion scenario for forming massive stars proves to be the correct one, it has several further implications: on the luminosities and T eff of the progenitors of massive stars; on the lifetimes of PMS evolution; on the initial stellar structure on the ZAMS; on surface abundances of light elements; etc... It has also an impact on the slope of the initial mass function (IMF), since the final mass spectrum is not only shaped by the size of the collapsing fragments, which determine the reservoir of matter potentially available, but also by the accretion process which leads the star to reach its final mass.
Moreover the maximum stellar mass is determined by the physics intervening in the accretion process. In particular, the maximum stellar mass is the mass for which the accretion rateṀ accr is such that the shock luminosity L shock due to the accretion plus the protostellar luminosity L * is equal to the Eddington luminosity L Edd , i.e. L shock + L * = L Edd . If R shock is the radius where the shock occurs, one has:
The relevant opacity to be considered here is the dust opacity κ dust near the inner face of the dust cavity, since the grain opacity is the largest opacity source which may prevent further material accretion. As shown by Pollack et al. (1994) , the main opacity source are organics below the vaporization temperature (T ≃ 500 K) and silicates and metallic iron at higher temperatures. The opacity to be considered is likely the Planck opacity, i.e. the flux weighted opacity appropriate for small optical depths. The typical values of the Planck opacity κ dust range between 2 and 8 cm 2 /g. Now, for the high accretion rates considered in the upper mass range, the shock luminosity dominates over the stellar luminosity by about 3 to 4 orders of magnitudes so that we may ignore L * . Thus, we obtain a simple expression for the limiting accretion ratė
If we consider for simplicity that the shock radius is some multiple α of the stellar radius, we can apply the massradius relation obtained from the models of Schaller et al. (1992) . The relation, valid between 40 and 120 M ⊙ , is thus:
Now, we search for the intersection of the expression (5) forṀ accr (M ) with relation (7) also accounting for (8). This gives the maximum possible stellar mass
with κ dust expressed in cm 2 /g. The main interest is to emphasize that in the present context the maximum mass is defined by the intersection ofṀ accr (M ) with the the accretion rate (7) giving a shock luminosity equal to the appropriate Eddington luminosity. More detailed models of the stellar surroundings are of course necessary. The above simple derivation may at most give an order of magnitude, if we know both the location of R shock given by α and κ dust . While the approximate range of values of κ dust is known as seen above, the value of α is uncertain, since it depends on the adopted structure and turbulence of the clouds (cf. Pollack et al., 1994) . As an example with α ≃ 10, we would have a maximum mass between 70 and 300 M ⊙ . The accretion scenario thus leads to a new simple concept for the maximum stellar mass. A change of metallicity will influence both the opacity and the location of the shock radius, thus the resulting effect of metallicity cannot be estimated without detailed models of collapsing clouds.
